Moriondo A, Solari E, Marcozzi C, Negrini D. Diaphragmatic lymphatic vessel behavior during local skeletal muscle contraction. Am J Physiol Heart Circ Physiol 308: H193-H205, 2015. First published December 5, 2014; doi:10.1152/ajpheart.00701.2014.-The mechanism through which the stresses developed in the diaphragmatic tissue during skeletal muscle contraction sustain local lymphatic function was studied in 10 deeply anesthetized, tracheotomized adult Wistar rats whose diaphragm was exposed after thoracotomy. To evaluate the direct effect of skeletal muscle contraction on the hydraulic intraluminal lymphatic pressures (P lymph) and lymphatic vessel geometry, the maximal contraction of diaphragmatic fibers adjacent to a lymphatic vessel was elicited by injection of 9.2 nl of 1 M KCl solution among diaphragmatic fibers while P lymph was recorded through micropuncture and vessel geometry via stereomicroscopy video recording. In lymphatics oriented perpendicularly to the longitudinal axis of muscle fibers and located at Ͻ300 m from KCl injection, vessel diameter at maximal skeletal muscle contraction (D mc) decreased to 61.3 Ϯ 1.4% of the precontraction value [resting diameter (D rest)]; however, if injection was at Ͼ900 m from the vessel, D mc enlarged to 131.1 Ϯ 2.3% of D rest. In vessels parallel to muscle fibers, Dmc increased to 122.8 Ϯ 2.9% of D rest. During contraction, Plymph decreased as much as 22.5 Ϯ 2.6 cmH 2O in all submesothelial superficial vessels, whereas it increased by 10.7 Ϯ 5.1 cmH 2O in deeper vessels running perpendicular to contracting muscle fibers. Hence, the three-dimensional arrangement of the diaphragmatic lymphatic network seems to be finalized to efficiently exploit the stresses exerted by muscle fibers during the contracting inspiratory phase to promote lymph formation in superficial submesothelial lymphatics and its further propulsion in deeper intramuscular vessels. diaphragmatic lymphatic network geometry; lymphatic wall compliance; tissue stress THE PLEURAL DIAPHRAGMATIC LYMPHATIC NETWORK is organized in vessels with a simple linear path, oriented either parallely or perpendicularly with respect to radial skeletal muscle fibers (Fig. 1) , which may converge to form a loop. While loops are observable on the whole diaphragm, only those at the extreme periphery are formed by vessels with either a complete or discontinuous lymphatic smooth muscle layer supporting either intrinsic spontaneous or stretch-activated segmental contractile behavior (21). In contrast, smooth muscles and spontaneous contractions of lymphatic vessel segments are essentially absent in linear vessels and in loops located in the more medial muscular portion of the diaphragm, intermediate between the thoracic diaphragmatic rim and medial tendon (7, 23). These latter vessels are organized in a mesh of submesothelial lacunae, whose putative function is to drain lymph from the pleural cavity by means of transmesothelial stomata (7, 20) , and of a deeper inframuscular network of anastomotic vessels surrounded by skeletal muscle fiber bundles. In linear vessels as well as in peripheral loops, intraluminal one-way valves delimit irregularly spaced lymphangions and regulate lymph progression, whereas a second set of parietal one-way valves (7) favors fluid entrance from the interstitium into the lymphatic lumen, favoring lymph formation. An important anatomic property of the wall of diaphragmatic lymphatic vessels is its firm adhesion to connective tissue bundles and skeletal muscle fibers by anchoring filaments (7). Indeed, these links not only prevent lymphatic lumen collapse, like they do in other loose tissues (3, 5, 8, 28) , but also transmit to the vessel wall the local tissue stresses and displacements that ultimately induce changes in intraluminar lymphatic fluid pressure (P lymph ). In continuously moving tissues, like the diaphragm and chest wall, the impact of this, so-called, extrinsic mechanism has been found crucial in sustaining lymphatic function. Indeed, it has been shown that both cardiogenic tissue displacements (24) and spontaneous inspiration (19) may sustain cyclic changes of P lymph and of the interstitial fluid pressure (P int ) able to support both fluid entrance from the pleural space to the diaphragmatic submesothelial lacunae and further progression of the lymph along the network. Experiments performed after blockade of the spontaneous contractility of pleural lymphatics through intrapleural addition of amiloride in spontaneous breathing rabbits (22) showed that up to 60% of the total fluid egresses through pleural lymphatics was sustained by the rhythmic respiratory activity, indicating that the extrinsic mechanisms quantitatively prevails over the intrinsic mechanism in sustaining pleural lymphatic drainage. The diaphragmatic lymphatics, in particular, provide an important contribution to pleural fluid dynamics, removing ϳ40% of the total pleural fluid egress (25).
THE PLEURAL DIAPHRAGMATIC LYMPHATIC NETWORK is organized in vessels with a simple linear path, oriented either parallely or perpendicularly with respect to radial skeletal muscle fibers ( Fig. 1) , which may converge to form a loop. While loops are observable on the whole diaphragm, only those at the extreme periphery are formed by vessels with either a complete or discontinuous lymphatic smooth muscle layer supporting either intrinsic spontaneous or stretch-activated segmental contractile behavior (21) . In contrast, smooth muscles and spontaneous contractions of lymphatic vessel segments are essentially absent in linear vessels and in loops located in the more medial muscular portion of the diaphragm, intermediate between the thoracic diaphragmatic rim and medial tendon (7, 23) . These latter vessels are organized in a mesh of submesothelial lacunae, whose putative function is to drain lymph from the pleural cavity by means of transmesothelial stomata (7, 20) , and of a deeper inframuscular network of anastomotic vessels surrounded by skeletal muscle fiber bundles. In linear vessels as well as in peripheral loops, intraluminal one-way valves delimit irregularly spaced lymphangions and regulate lymph progression, whereas a second set of parietal one-way valves (7) favors fluid entrance from the interstitium into the lymphatic lumen, favoring lymph formation. An important anatomic property of the wall of diaphragmatic lymphatic vessels is its firm adhesion to connective tissue bundles and skeletal muscle fibers by anchoring filaments (7) . Indeed, these links not only prevent lymphatic lumen collapse, like they do in other loose tissues (3, 5, 8, 28) , but also transmit to the vessel wall the local tissue stresses and displacements that ultimately induce changes in intraluminar lymphatic fluid pressure (P lymph ). In continuously moving tissues, like the diaphragm and chest wall, the impact of this, so-called, extrinsic mechanism has been found crucial in sustaining lymphatic function. Indeed, it has been shown that both cardiogenic tissue displacements (24) and spontaneous inspiration (19) may sustain cyclic changes of P lymph and of the interstitial fluid pressure (P int ) able to support both fluid entrance from the pleural space to the diaphragmatic submesothelial lacunae and further progression of the lymph along the network. Experiments performed after blockade of the spontaneous contractility of pleural lymphatics through intrapleural addition of amiloride in spontaneous breathing rabbits (22) showed that up to 60% of the total fluid egresses through pleural lymphatics was sustained by the rhythmic respiratory activity, indicating that the extrinsic mechanisms quantitatively prevails over the intrinsic mechanism in sustaining pleural lymphatic drainage. The diaphragmatic lymphatics, in particular, provide an important contribution to pleural fluid dynamics, removing ϳ40% of the total pleural fluid egress (25) .
Despite the primary role played by diaphragmatic contraction in sustaining the lymphatic drainage of both pleural and peritoneal fluids (16, 20) , the mechanism through which the stresses exerted by contracting skeletal muscle fibers are transmitted to the lymphatic vessel wall has not yet been clarified. To investigate this aspect, in the present study, we measured the simultaneous changes of lymphatic vessels geometry and P lymph in vivo upon contraction of adjacent skeletal muscle fibers. To take into account the complexity of the diaphragmatic lymphatic network behavior during skeletal muscle contraction, we analyzed the response of submesothelial and deep vessels oriented both perpendicularly or parallel with respect to skeletal muscle fibers and developed a mathematical simulation able to provide a possible explanation of the results. Overall, our data indicate that the spatial three-dimensional organization of lymphatic vessels over the medioventral dome of the pleural diaphragm is well suited to efficiently exploit the cyclic stresses exerted by skeletal muscle fibers on the lymphatic vessel wall during the entire respiratory cycle.
MATERIALS AND METHODS
The experimental protocol was submitted to and approved by the institutional Ethical Committee for Animal Research (CESA protocol no. 03/12) of the University of Insubria and by the Italian Health Ministry in accordance with the 116/92 italian law and the animal welfare directory 86/609 of the European Union.
Surgical procedures and in vivo recording. Experiments were performed on adult Wistar rats of both sexes [body weight: 290 Ϯ 4 g (mean Ϯ SE), n ϭ 10] from our in-house colony. Animals were anesthetized with an intraperitoneal injection of 75 mg/kg body wt ketamine (Imalgene 1000, 10 ml, Merial Italia Spa) and 0.5 mg/kg body wt medetomidine (Domitor, Pfizer) cocktail in saline solution. Additional boluses of the anesthetic cocktail were intraperitoneally administered every hour until the end of the experiment; an adequate level of anesthesia was assessed by the absence of the noxious plantar reflex of the hindpaw. Once deeply anesthetized, animals were placed on a warmed (37°C) blanket and turned supine. Diaphragmatic lymphatic vessels were in vivo stained by an intraperitoneal injection of 800 l of 2% FITC-conjugated dextrans (catalog no. FD250S, FITCdextran, Sigma-Aldrich, Milan, Italy) plus 10% fluorescent microspheres [catalog no. F8813, FluoSpheres Carboxylate-Modified Microspheres, 0.5 m, yellow-green fluorescent (505/515), Life Technologies Europe, Monza, Italy]. The stainless steel injecting cannula (outer diameter: 0.8 mm) was inserted through the lateral wall of the abdomen, and it was driven along the cranial surface of the liver to correctly position the tip in the subdiaphragmatic medial region. At 60 min from the injection, animals were tracheotomized, paralyzed with a 0.3-ml bolus of 2 mg/ml pancuronium bromide (catalog no. P1918, Sigma-Aldrich) in saline solution delivered in the jugular vein, and mechanically ventilated at a tidal volume and respiratory rate automatically set by the ventilator on the basis of animal body weight (Inspira, Harvard Apparatus). After the chest wall had been widely opened, the FITC-dextran-filled diaphragmatic lymphatic network on the right ventrolateral portion of the pleural diaphragm was observed through a stereomicroscope (Fig. 1A ) in reflected fluorescent epiillumination (excitation: 490 nm and emission: 520 nm). Images of lymphatic vessels were collected at 1 Hz with a cooled chargecoupled device camera (Orca ER, Hamamatsu) connected to a personal computer running SimplePCI software (Hamamatsu).
Hydraulic intraluminar P lymph measurements. Since the target of the present experiments was to analyze the purely mechanical effect of external skeletal muscle contraction on an "in situ" segment of diaphragmatic lymphatic vessels, we limited our observation to linear vessels that, upon continuous observation of up to 15 min, showed no spontaneous contractile activity. Limiting the analysis to "noncontractile" lymphatics prevented a potential interference between the effect of spontaneously or stretch-activated smooth muscle cells and that of skeletal diaphragmatic muscle fibers. When the visualized lymphatic vessel was approachable with micropipettes, hydraulic intraluminal Plymph was recorded with the micropuncture technique (17, 18, 23) . Briefly, borosilicate glass capillaries (catalog no. 1B100-4, outer diameter: 1.0 mm and inner diameter: 0.78 mm, WPI Europe, Berlin, Germany) were pulled (P-97 Flaming/Brown type Micropipette Puller, Sutter Instrument) to forge micropipettes whose tips were bevelled at 30°to a tip diameter of 2.5 m. Subsequently, pipettes were filled with 1 M NaCl solution stained with 2% Lissamine green (catalog no. L-6382 Sigma-Aldrich) and were connected through a mineral oil (catalog no. 330760, Sigma-Aldrich)-filled tube to a servo-nulling pressure measuring system (Dual Servonull, Vista Electronic, Ramona, CA). Each micropipette response was calibrated in a modified Lucite box in the Ϯ50-cmH2O range immediately before Plymph measurement. Under stereomicroscopic view of the pleural side of the diaphragm, the hydraulic pressure reference (0 cmH2O) was set by immersion of the pipette tip in a pool of saline solution kept at the same level of the vessel chosen for recordings. The pipette tip was then gently advanced into the lymphatic vessel ( Fig. 2A, "P") , and the recorded Plymph was adequately amplified and stored through custom-made LabView software (National Instruments). Plymph traces were considered suitable for analysis when stable for at least 30 s under basal conditions and when zero reference pressure was unaltered at the end of the procedure. To limit tissue displacement and A: low-magnification image of a FITC-filled diaphragmatic network showing the coexistence of vessels running parallel (*; top, left) or perpendicular (*, bottom, right) to each other and to skeletal muscle fibers (not visible in these images) and their confluence to form loops. B: detail of a lymphatic vessels whose depth within the diaphragm cannot be appreciated when observed from the pleural dome. C: transverse optical sections of the vessel shown in B at sites 1-5 (arrows on B), which allowed to reconstruct the path followed by the vessel within the diaphragmatic section. In this example, the vessel runs from the surface of the diaphragm (site 1, close to the pleural surface identified by the thin dotted line) toward a deeper site at the center of the diaphragmatic section, in correspondence of branching sites 4 and 5. D: sketch of the arrangement of lymphatic vessels that may run parallel (a) or perpendicular (b) with respect to skeletal muscle fibers (thin gray lines). Microinjection of 1 M KCl to cause skeletal muscle contraction were performed at Ͻ300 or Ͼ900 m from the vessel wall.
facilitate pipette positioning during micropuncture, the mechanical ventilation was arrested and the animal was oxygenated with an intratracheal flow of 50% O 2. Plymph data analysis was performed with Clampfit 10 software (Molecular Devices).
Localized diaphragmatic skeletal muscle fiber contraction. To evaluate the direct effect of skeletal muscle contraction on P lymph and lymphatic vessel geometry, the maximal contraction of diaphragmatic fibers surrounding a lymphatic vessel was elicited by injecting a bolus of 9.2 nl of 1 M KCl solution in superficial diaphragmatic tissue. Injection was performed at various distances from the lymphatic vessel in which P lymph was being simultaneously recorded (Fig. 1D ) through an injecting micropipette ( Fig. 2A, "I") controlled by a microinjector (Nanoliter 2000 World Precision Instruments) and driven by a mechanical micromanipulator. P lymph was recorded in both superficial vessels laying immediately below the mesothelial layer (Fig. 2, B and D) and in deeper vessels still visible on the diaphragmatic surface but located beneath a layer of muscular diaphragmatic fibers (Fig. 2, B and C) . The depth (Z) of the micropipette tip within each punctured lymphatic vessel with respect to the diaphragmatic surface (Fig. 2E) was calculated from the pipette advancement (A m) measured on the micromanipulator fine tune, and the angle () described between the micropipette major axis and diaphragmatic surface plane was calculated as follows: Z ϭ A m ϫ sin().
Injecting micropipettes were pulled from borosilicate glass capillaries (catalog no. 1B100-4, outer diameter: 1.0 mm and inner diameter: 0.78 mm, WPI Europe) to tip diameters of ϳ25 m using a P-97 Flaming/Brown type Micropipette Puller (Sutter Instrument) and subsequently bevelled to reduce indentation and tissue deformation during insertion of the pipette tip into the diaphragmatic interstitial tissue. The injected KCl dose was chosen based on KCl dose-response curves performed through the injection of increasing volumes at 2.3-nl steps at an injecting rate of 10 nl/s; a 9.2-nl bolus was identified as the dose that produced a maximal but transient (time to contraction peak: 7.1 Ϯ 0.9 s, time to relaxation: 44.1 Ϯ 5.3 s) skeletal muscle contraction. The osmolarity of 1 M KCl solution calculated from tabulated osmotic coefficients for KCl at 25°C amounted to 1.796 osmol/kgH2O. In a restricted set of experiments on actively contracting lymphatic vessels (n ϭ 5), the effect of hyperosmolarity alone was tested by substituting the KCl solution with an isoosmolar (1.796 osmol/kgH2O) Tyrode-sorbitol solution of the following composition: 119 mM NaCl (catalog no. S7653, Sigma-Aldrich), 5 mM KCl (catalog no. P9541, Sigma-Aldrich), 25 mM HEPES free acid (catalog no. H3375, Sigma-Aldrich), 2 mM CaCl2 (catalog no. 21115, SigmaAldrich), 2 mM MgCl2 (catalog no. 63069, Fluka), 33 mM glucose (catalog no. G5767, Sigma-Aldrich), and 1,481. 62 mM sorbitol (catalog no. S7547, Sigma-Aldrich).
All phases of the in vivo experiments were video recorded to be subsequently analyzed. After all pressure and video recordings had been completed, rats were euthanized with an anesthesia overdose.
Confocal imaging. Diaphragmatic tissue, including the fluorescent lymphatic vessel, was fixed in situ with 4% paraformaldehyde for 10 min, excised, and then postfixed with 4% paraformaldehyde for 30 min. Specimens were rinsed three times in PBS, mounted onto glass coverslips with Fluoroshield (catalog no. F6057, Sigma-Aldrich), and scanned throughout the whole thickness with a confocal microscope (TCS SP5, Leica) with 0.5-m z-axis steps using a ϫ20 dry objective. Serial sections were recorded beginning at the top surface of the specimen (placed pleural side down).
Analysis of video recorded data. Video data were transformed from the Simple PCI proprietary format to a multipage TIFF time stack, and the open-source package ImageJ (National Institutes of Health, http:// rsb.info.nih.gov/ij/) was then used for offline image analysis.
The lengths of diaphragmatic skeletal muscle fibers before contraction, at maximal contraction, and at postcontraction relaxation were obtained by measuring the linear length between two identifiable points on a muscle fiber lying along a path parallel to the longitudinal axis of skeletal muscle fibers. In each lymphatic vessel, diameter (D) (2) where ⌬D and ⌬L were the change in diameter and change in length, respectively, elicited in the observed lymphatic segment by maximal contraction of diaphragmatic skeletal muscle fibers. Confocal images were analyzed through ImageJ software, and lymphatic cross-sections were obtained using the "Reslice" function of ImageJ software on entire z-stacks.
Statistics. Data are reported as means Ϯ SE. Statistical significance between means was obtained by Student's t-test (paired or unpaired based on the type of comparison being made) after a data normality distribution check; otherwise, Mann-Whitney tests or ANOVA on ranks and multiple comparisons on ranks were used where indicated.
RESULTS
Lymphatic vessel orientation with respect to skeletal muscle fibers. The linear vessels visualized over the ventromedial surface of the diaphragm could be differentiated based on the orientation of their main axes with respect to the direction of skeletal muscle fibers (Fig. 1D) . Lymphatics parallel to the muscle fiber direction displayed an average path length (L rest ) of 2,216.9 Ϯ 471.2 m (n ϭ 15) and D rest of 129.8 Ϯ 13.6 m (Fig. 3) . About 70% of the observed parallel vessels were characterized by identifiable intraluminar valves, which delimited lymphangions ϳ415.1 Ϯ 24.2 m (n ϭ 40) long. Lymphangion-endowed vessels were significantly longer (2,916.3 Ϯ 592.4 m, n ϭ 10, P Ͻ 0.05) than those with no valves/ lymphangions (816.9 Ϯ 298.1 m, n ϭ 5). Perpendicularly oriented vessels were significantly larger (D rest ϭ 166.2 Ϯ 6.7 m, n ϭ 40, P Ͻ 0.05) and shorter (L rest ϭ 1,235.2 Ϯ 189.6 m, P Ͻ 0.01) than parallel vessels with lymphangions ( Fig. 3 ) but comparable in length with the parallel vessels without valves. Intraluminal valves delimiting lymphangions 239.1 Ϯ 12.9 m long were found in only ϳ7% of perpendicular analyzed vessels.
Effect of KCl injection on diaphragmatic skeletal muscle fibers. None of the lymphatic vessels considered in the present analysis displayed an intrinsic contractile activity before KCl application or any intrinsic contraction induced by KCl injection. Up to an approximate distance of ϳ200 -500 m from the pipette tip, injection of 9.2 nl of 1 M KCl solution caused a significant shortening of skeletal muscle fibers to 76.5 Ϯ 2.7% (n ϭ 7, P Ͻ 0.01 vs. 100% by paired t-test; Fig. 4 ) of their precontraction length. Maximal fiber shortening was transiently attained at 7.1 Ϯ 0.9 s from KCl injection followed by fiber relaxation to a precontraction resting length (97.3 Ϯ 3.7%, n ϭ 7, P ϭ 0.47 by paired t-test; Fig. 4 ) at 44.1 Ϯ 5.3 s from KCl injection.
As a control experiment, just to exclude that the KCl injection might have triggered a contractile response of previously resting not detectable in vivo lymphatic smooth muscle cells in the vessel segment under study, 9.2 nl of 1 M KCl solution was either externally delivered or intraluminarly injected into an actively contracting segment belonging to a lymphatic loop at the extreme periphery of the diaphragm. In both cases, KCl induced relaxation of the vessel wall and a rapid interruption of spontaneous contraction (Fig. 5, A and B) . Application of hyperosmotic Tyrode solution caused the same effect in all intrinsically contracting lymphatic vessels tested (n ϭ 5; Fig. 5, C and D) .
Effect of skeletal muscle contraction on lymphatic vessels perpendicular to the longitudinal axis of muscle fibers. The effect of diaphragmatic skeletal muscle contraction on noncontracting lymphatic vessels was very variable, depending on the orientation of the vessel with respect to the longitudinal axis of diaphragmatic skeletal muscle fibers and on the proximity of the injection site. In linear lymphatics branching from the same loop and both oriented perpendicular to muscle fibers (Fig. 6) , the skeletal muscle contraction at the site (asterisk) of a single KCl injection elicited compression of the vessel close to KCl injection site but a simultaneous enlargement of the farther vessel (Fig. 6B) . Indeed, injection of KCl caused contraction of skeletal muscle fibers proximal to the injection site, whereas more distant muscle fibers surrounding the lymphatic vessel, not reached by the stimulating solution, remained in their relaxed state and were passively stretched by shortening of muscle fibers proximal to the KCl injection site.
Upon stimulation, in perpendicularly oriented lymphatics laying within 300 m from the KCl injection, D mc was significantly reduced [D mc ϭ 102.7 Ϯ 5.2 m (Ϫ38.7 Ϯ 1.4%), n ϭ 42, P Ͻ 0.01 by paired t-test] compared with precontraction D rest (Fig. 7A) . At a time corresponding to the postcontraction relaxation of muscle fibers, the vessel diameter was 142.9 Ϯ 6.3 m, a value close but still significantly lower (Ϫ13.8 Ϯ 1.8%, n ϭ 42, P Ͻ 0.01 by paired t-test) than D rest . Complete recovery of D rest was attained at ϳ1.5 min from KCl injection.
In lymphatic vessels at more than ϳ900 m from the KCl injection site, D rest averaged 140.6 Ϯ 12.9 m (Fig. 7B) (Fig. 7B) , with complete recovery being attained only after ϳ1.5 min from KCl injection. When KCl was injected at a distance between 300 and 900 m from the lymphatic vessel margin, the diameter change was quite variable with no clearly identifiable trend. Modifications in vessel diameter upon selective muscle contraction can be appreciated by plotting D mc as a function of the corresponding D rest value (Fig. 8) . Whereas data from vessels proximal (Ͻ300 m) to the KCl injection site could be described by a single linear relationship (D mc ϭ 0.83 ϫ D rest Ϫ 28.7, n ϭ 54, R 2 ϭ 0.79; Fig. 8A ), those from vessels at a distance Ͼ900 m from the KCl injection site belonged to a different population (D mc ϭ 1.32 ϫ D rest Ϫ 2.9, n ϭ 13, R 2 ϭ 0.97; Fig. 8B ) described by a regression with significantly different slope (n ϭ 67, P Ͻ 0.01 by Student's t-test on slope means). The regression coefficients used to derive D mc from D rest in the mathematical simulation are described in the APPENDIX.
Effect of skeletal muscle contraction on lymphatic vessels parallel to the longitudinal axis of muscle fibers. In lymphatic vessels running parallel to diaphragmatic skeletal muscle fibers, D rest was 129.8 Ϯ 13.6 m and increased to a D mc of 156.2 Ϯ 15.3 m (ϩ22.8 Ϯ 2.9%, n ϭ 18, P Ͻ 0.01 by paired t-test) after KCl injection in the proximity (Ͻ300 m) of the vessel (Fig. 9D) . Similarly to what was observed in vessels oriented perpendicular to muscle fibers, D mc was significantly related to the corresponding D rest (D mc ϭ 1.09 ϫ D rest ϩ 13.6, n ϭ 18, R 2 ϭ 0.96; Fig. 8C ). After postcontraction skeletal muscle relaxation, vessel diameter decreased to 143.8 Ϯ 15.6 m, but, similarly to what observed for perpendicularly oriented vessels, it did not return to D rest (Fig. 9D) , remaining significantly more distended (n ϭ 18, P Ͻ 0.01 by paired t-test). Vessel enlargement during skeletal muscle contraction was accompanied by a decrease of the vessel path length to 89.0 Ϯ 1.8% (n ϭ 18, P Ͻ 0.01 vs. 100% by t-test) of the precontraction L rest value and a significant shortening of the vessel segment straight length (Fig. 9C ) to 70.3 Ϯ 2.5% (n ϭ 18, P Ͻ 0.01 vs. 100% by t-test) of the precontraction L rest value, resulting in an increased vessel tortuosity (Fig. 9, A and B) .
As shown in Fig. 8D , the straight length at maximal contraction (L mc ) was directly related to L rest , being L mc ϭ 0.74 ϫ L rest Ϫ 23.1 (n ϭ 18, R 2 ϭ 0.89). After postcontraction recovery, vessel straight length returned to 82.6 Ϯ 3.1% of L rest , a value significantly different (n ϭ 18, P Ͻ 0.01 by paired t-test) from that observed both before and during muscle contraction.
Intraluminal P lymph in submesothelial and deeper lymphatics during maximal skeletal muscle contraction. Based on their depth from the mesothelial surface, parallel and perpendicular lymphatic vessels could be further distinguished in 1) submesothelial lymphatic vessels (Fig. 2, B and D (Fig. 2, B and C) that, although lying below at least one layer of skeletal muscle fibers at a depth of ϳ167.8 Ϯ 38.2 m, were still clearly visible and approachable with the recording micropipettes. Under resting conditions, P lymph was similar in Fig. 6 . Uneven response of diaphragmatic lymphatic diameter to contraction and subsequent relaxation of skeletal muscles in vessel perpendicular to muscle fibers. A: FITC-dextran-filled lymphatic loop with four emerging lymphatic vessels under resting conditions before the injection of KCl. *KCl injection site. B: after KCl injection among diaphragmatic muscle fibers (*), the closer lymphatic vessel shrunk (arrow), whereas the farthest one simultaneously enlarged (arrowhead). C: at muscle relaxation, both vessels had almost, although not completely, returned to their initial diameter. Scale bar ϭ 500 m. Fig. 7 . Changes in diaphragmatic lymphatic diameter during maximal contraction and subsequent relaxation of skeletal muscle fibers. A: absolute diameters of lymphatic vessels oriented perpendicularly with respect to the major axis of diaphragmatic skeletal muscle fibers at rest, during maximal muscle contraction, and at muscle relaxation in vessels located at a distance of Ͻ300 m from the KCl injection site. *P Ͻ 0.01 vs. rest; §P Ͻ 0.01 vs. contraction (by Student's t-test) . B: absolute diameters of lymphatic vessels oriented perpendicularly with respect to the major axis of diaphragmatic skeletal muscle fibers at rest, during maximal muscle contraction, and at muscle relaxation in vessels located at a distance of Ͼ900 m from the KCl injection site. *P Ͻ 0.01 vs. rest; §P Ͻ 0.01 vs. contraction (by Student's t-test).
superficial and deep lymphatics and averaged 4.4 Ϯ 1.3 cmH 2 O (n ϭ 29). In submesothelial vessels (Fig. 10, A and B) skeletal muscle contraction induced by KCl injection at a distance of ϳ300 m caused P lymph to decrease by 11.9 Ϯ 3.1 cmH 2 O (n ϭ 16, P Ͻ 0.01) in vessels perpendicular to muscle fibers and by 22.5 Ϯ 2.6 cmH 2 O (n ϭ 5, P Ͻ 0.01) in vessels parallel to muscle fibers. In deeper vessels (Fig. 10, C and D) , skeletal muscle contraction induced orientation-dependent behavior: indeed, P lymph decreased by 10.5 Ϯ 5.1 cmH 2 O (n ϭ 4, P Ͻ 0.01) in vessels running parallel to the major muscle fibers axis, whereas it increased by 10.7 Ϯ 5.1 cmH 2 O (n ϭ 4, P Ͻ 0.01) in vessels running perpendicular to the muscle fiber direction.
DISCUSSION
The lymphatic network of the diaphragm is organized in 1) a superficial plexus of submesothelial lacunae, 2) transverse vessels, which connect the submesothelial lacunae to 3) large collecting lymphatics at the center of the diaphragm, often equipped with a smooth muscle layer, which receive the lymph, other than from the diaphragmatic tissue itself, from the pleural and peritoneal space (7) . The lymphatic vessels investigated in the present study belong to the superficial submesothelial plexus and are therefore exposed to the subatmospheric pleural fluid pressure (P liq ) regime, a relevant factor in terms of diaphragmatic lymphatic function. Indeed, drainage of fluid from the pleural cavity and therefore pleural lymph flux depends on the pressure gradient (P liq Ϫ P lymph ) developing between the pleural space and submesothelial lymphatic lumen during cardiac and respiratory cycles.
Methodological aspects. To investigate in vivo how the contraction of diaphragmatic skeletal muscle affects P lymph and therefore local lymphatic function, it was necessary to ascertain that any observed change in vessel shape and/or P lymph was attributable to the extrinsic pumping alone, with no contribution of the spontaneous contraction of lymphatic smooth muscles in the vessel wall. To this aim, the present study was performed on linear lymphatic vessels displaying no intrinsic pumping activity upon a period of ϳ15 min of observation. To test the possibility that lymphatic smooth muscles might have been excited by KCl injection, thus interfering with the mechanical effect of skeletal muscle fiber contraction, KCl was either applied over the lymphatic vessel or directly injected into the lumen of a purposely selected set of peripheral lymphatic vessels that presented clear intrinsic spontaneous contractions. KCl induced disappearance of rhythmic activity and vessel relaxation (Fig. 5B) . This suggested that any reduction in vessels diameter after local KCl delivery indeed depended on the contraction of skeletal muscle fibers rather than of lymphatic smooth muscle cells in the vessel wall. The different response of skeletal muscle and of intrinsically contracting lymphatic vessel segments to 1 M KCl might reflect several Fig. 8 . Relationship between vessel diameter at maximal diaphragmatic skeletal muscle contraction (Dmc) and Drest and between straight length at maximal diaphragmatic skeletal muscle contraction (Lmc) and Lrest. A: linear relationship between Dmc as a function of Drest in perpendicularly oriented vessels located at Ͻ300 m from KCl injection (see RESULTS for details). Since no statistical differences were found between data from superficial and deep vessels, the two data populations were pooled. B: perpendicularly oriented superficial vessels located at Ͼ900 m from KCl injection. C: parallely oriented vessels. Since no statistical differences were found between data from superficial and deep vessels, the two data population were pooled. D: plot and linear fit between Lmc and Lrest in longitudinally oriented vessels. Since no statistical differences were found between data from superficial and deep vessels, the two data populations were pooled. In A-D, dashed lines refer to the identity line Dmc ϭ Drest.
factors. The first factor is the distance from the KCl injection site and therefore the different KCl concentration to which skeletal and lymphatic smooth muscle cells are exposed. Indeed, to avoid vessel distortion or possible P lymph artifacts, KCl injection was performed directly among skeletal muscle cells but at a distance ranging ϳ300 up to 900 m from the lymphatic vessel wall and smooth muscle cells. Second, inhibition of lymphatic spontaneous activity and vessel wall relaxation also occurred when lymphatic segments were perfused with hyperosmolar Tyrode-sorbitol solution (Fig. 5D) , suggesting that, in lymphatic smooth muscle, KCl-induced excitation might have been masked by the hyperosmolarity-induced relaxation. Finally, skeletal and lymphatic smooth muscle cells might express specific ionic channels with different responses to 1 M KCl exposure. This latter hypothesis needs, however, a specific investigation that is beyond the scope of the present study.
Once we established that 1 M KCl did not elicit lymphatic smooth muscle contraction, its application was used in the present study as a simple, minimally invasive method to induce contraction of skeletal muscle fibers in the area surrounding the lymphatic vessel. Indeed, the mechanism through which the stress elicited during skeletal muscle contraction is transmitted to the vessel lumen and exploited to sustain local lymph flow is still far from being completely unveiled (29) , particularly in respiratory structures. Focal application of KCl on the surface of the diaphragm does not likely induce contraction in the entire diaphragmatic muscle thickness nor it triggers mechanical stresses comparable to those occurring during normal or forced respiratory activity; however, by inducing maximal contraction of skeletal muscle fibers surrounding a single lymphatic vessel (Figs. 2 and 5 ) or a small circuit of few lymphatic vessels (Figs. 6 and 9) , it may provide useful hints to elucidate the impact of skeletal muscle contraction/relaxation cycles on lymphatic behavior. In addition, the selective skeletal muscle contraction used in the present study represents at the moment the only possible approach to record, in the intact diaphragm, simultaneous changes in vessel diameter and P lymph , an important parameter in the study of lymphatic hydrodynamics. Indeed, other experimental approaches to induce diaphragmatic muscle contraction, such as direct stimulation of the phrenic nerve, while preferable to reproduce a more homogenous and physiological degree of inspiratory diaphragmatic contraction, because of the significant tissue displacement associated with contraction of the entire semidiaphragm, would, however, not allow us to follow the changes in vessel diameter during muscle contraction/relaxation and, most important, to perform vessel micropuncture. In addition, direct focal electrical stimulation of the skeletal muscle might interfere with the electronic circuits of the servonull pressure measuring system. The degree of diaphragmatic skeletal muscle shortening induced by KCl injection in the present experimental model is in line with previous data obtained either in vivo and/or by modeling of diaphragmatic muscle fiber contraction (1, 2, 4, 9, 13). Thus, albeit spatially confined and experienced only by a short segment of the entire lymphatic network, the selective contraction used in the present experiments mimics the mechanical effect of diaphragmatic skeletal muscle contraction on lymphatic vessel geometry and intraluminar P lymph .
Because of the physic principle at the base of the servo-null pressure measuring system, 1 M KCl might cause P lymph Fig. 9 . Deformation of a parallel oriented lymphatic vessel during contraction and subsequent relaxation of skeletal muscle fibers. A: image of a resting linear lymphatic vessel, oriented parallel to the longitudinal axis of diaphragmatic muscle fibers, endowed with a bright intraluminal FITC-dextran inclusion. The two vertical reference lines identify the extremities of the considered vessel segment whose straight length (dotted line) measured 1,232.9 m. B: after maximal diaphragmatic muscle contraction induced by KCl injection (*), the vessel segment straight length (dotted line) decreased to 994.7 m, whereas the overall tortuous path described along the vessel lumen by the bright intraluminar dye was still similar to the precontraction length of 1,195,4 m. C: mean percent reduction, with respect of the resting linear length, of vessel straight length observed at maximal diaphragmatic skeletal muscle contraction and at postcontraction relaxation. D: absolute diameters of lymphatic vessels oriented parallel with respect to the major axis of diaphragmatic skeletal muscle fibers at rest, during maximal muscle contraction, and at post-contraction relaxation. Scale bar for A and B ϭ 300 m. *P Ͻ 0.01 vs. 100%; §P Ͻ 0.01 vs. contraction.
artifacts: in fact, if the tip of a 1 NaCl-filled micropipette is immersed in a pool of 1 M KCl solution, the electrical zero of the system is shifted, resulting in a "zero pressure" value that is ϳ17 cmH 2 O more negative than what is recorded when the tip is immersed in saline. Hence, to verify the reliability of the recordings, P lymph was measured in dead tissue, a condition where, being diaphragmatic muscle contraction impeded, any observed change in P lymph after KCl injection could only be attributable to the artifact of KCl hyperosmolarity. However, no P lymph change was observed after KCl injection in skeletal muscle, suggesting that the injected KCl volume likely induced a more relevant change in KCl concentration and osmolarity in the interstitial tissue, leaving unaltered the composition and osmolarity of the intraluminar fluid from where the micropipette pipette tip was recording and leaving the P lymph values therefore unaffected.
Lymphatic vessels perpendicular to muscle fiber orientation. The disposition of lymphatic vessels on the pleural surface of the diaphragm is extremely variable with respect to the regular radial orientation of diaphragmatic muscle fibers. Apart from loop structures, long linear lymphatic vessels can be seen running parallel, perpendicular, and, to a lesser extent, also at variable angles with respect to muscle fibers (Fig. 1A) . To attempt an initial, simplified analysis of how skeletal muscle contraction can affect lymphatic vessel length, diameter, and, more importantly from the functional standpoint, P lymph , we evaluated the behavior of the two extreme geometric alignments (perpendicular and parallel) of lymphatic vessels with respect to contracting muscle fibers.
The diameter of lymphatic vessels oriented perpendicularly to muscle fibers was either reduced or increased, depending on the proximity to the KCl injection site. In lymphatic vessels proximal (Ͻ300 m) to KCl injection, the diameter reduction (approximately Ϫ39% of D rest ; Fig. 7A and Table 1 ) was of the same magnitude of skeletal muscle fiber shortening (approximately Ϫ25% of L rest ; Fig. 4) . Therefore, one might argue that Shown is a summary of the average changes of vessel diameter (⌬Dmc) and intraluminar lymphatic pressures (⌬Plymph) at maximal diaphragmatic skeletal muscle contraction with respect to precontraction resting conditions in lymphatic vessels oriented either parallel or perpendicularly with respect to the main axes of skeletal muscle fibers and at different depths from the mesothelial surface. Since Plymph could not be measured in perpendicular vessels placed at a distance Ͼ 900 m from the 1 M KCl injection point, data refer to perpendicular vessels laying within 300 m from the injection site. Based on the measurable depth of Plymph recording, vessels were further distinguishable as submesothelial and deep with respect to the mesothelial surface. No significant ⌬Dmc difference was revealed between submesothelial and deep vessels (see text for details). ⌬Dmc data are expressed as a percentage of the precontraction resting diameter (Drest). perpendicular vessels proximal to the contraction site are exposed to increased local tissue pressure and decreased vessel transmural pressure with a consequent decrease in vessel diameter.
Despite several attempts, due to technical difficulties, we were not able to measure interstitial hydraulic pressure, as an index of total tissue pressure, in the contracting diaphragm. However, successful lymphatic micropuncture in perpendicular vessel proximal to KCl injection showed that, whereas in deeper vessels muscle contraction and diameter shrink were accompanied by the expected P lymph increment (Fig. 10C) , in superficial vessels P lymph significantly dropped, suggesting an increase in their volume. Since we could visualize and measure the planar projection of the vessel diameter (Figs. 1 and 2) but not the transverse section in a plane perpendicular to the diaphragmatic surface, the measured change in diameter might not adequately reflect the actual change in volume in case the vessel is deformed within the deeper diaphragmatic tissue. Therefore, we developed a simple mathematical simulation to test whether a potential change in the planar diameter and in the vessel section shape might determine the change in segmental vessel volume able to explain the experimentally observed changes in P lymph (APPENDIX). The simulation assumes an inverse relationship between P lymph and lymphangion volume attained during muscle contraction (⌬V mc ), a correlation not necessarily correct without simultaneous measurements of intraluminar fluid flux. However, we expect that in our experimental approach requiring opening of the chest wall and diaphragmatic paralysis, the intraluminal lymphatic fluxes are reduced to their lowest values, thus minimally interfering with the simulation.
For perpendicular vessels (Fig. 11A) , the simulation suggests that, for a D rest value corresponding to the mean value measured in our experiments (ϳ170 m), ⌬V mc was negative, i.e., the vessel was compressed, for minor axis (d)-to-D (d/D) ratios ranging from 0.35 to ϳ0.75. This might mirror the behavior of perpendicular vessels laying deeper among muscle fibers; indeed, in these vessels, a roughly isotropic radial compression exerted from surrounding contracting muscle fibers might distort the vessel cross-sectional area from its original elliptical to a more circular shape while simultaneously increase P lymph (Fig. 10C) . A ⌬V mc increase, and likely a P lymph drop in submesothelial vessels during muscle contraction, might occur only for d/D ratios of Ͼ0.75 and up to 2.85 (Fig. 11A) , a condition implying a deformation of the vessel as if shortening of the underlying muscle might anisotropically pull on the vessel wall, increasing the diameter in the plane perpendicular to the diaphragm surface.
In perpendicular vessels located at ϳ900 m from KCl injection, it was not possible to record P lymph during contraction; indeed, the tissue displacement and traction exerted by muscle fibers on the lymphatic vessel systematically led to the rupture of either the vessel wall around the recording micropipette tip or of the tip itself. However, the significant D mc increase (Fig. 7B) suggests that 1) since the direct excitatory effect of KCl on skeletal muscle fibers wanes off at progressive distances from injection, the muscle fibers around distant vessel were still relaxed and/or 2) shortening of contracting muscle fibers pulled on the proximal, but not on the more distant side, of the vessel (Figs. 6B, arrowhead, and 7B), enlarging its diameter and likely increasing its volume. During quiet breathing, the diaphragmatic motor unit recruitment and shortening are nonhomogenous, with muscular fiber shortening being more evident and efficient in costophrenic apposition zones compared with the intermediate or crural region (11, 12) . Hence, in the physiologically contracting diaphragm, the coexistence of skeletal muscle fibers with different tone and/or length might affect the lymphatic vessel diameter and volume in a fashion similar to what was observed in our simplified and spatially restricted experimental model.
Lymphatic vessels parallel to muscle fiber orientation. In the midventral muscular part of the diaphragm, a large number of lymphatic vessels run parallel to the radial disposition of muscle fibers. Activation and shortening of skeletal muscle fibers in close proximity with these vessels increased their diameter ( Fig. 9D and Table 1 ) and decreased P lymph in both submesothelial and deeper vessels ( Fig. 10 and Table 1 ). Our simulation suggests that, assuming that the physiological d/D ratio of the lymphatic vessel [d/D ϭ 0.35 (7, 17) ] is not modified by skeletal muscle contraction, its V mc increases even if vessel shortens to 74% of its resting length (Fig. 11B) . The simulation proposes that ⌬V mc further augments, for a given D rest , if muscle contraction deforms the vessel until attaining a circular cross-sectional shape (d/D ϭ 1; Fig. 11C ).
In our experiments, due to the visible tortuosity, the parallel vessel path length was actually reduced to 89% of L rest during muscle contraction (Fig. 9B) ; hence, the observed drop in P lymph might be compatible with the increased vessel volume predicted by the simulation. Since with our method it was possible to measure the vessel diameter only on the plane parallel to the pleural surface, we do not have direct indications on the actual change in the cross-sectional shape of parallel vessels during muscle contraction. However, the significant P lymph drop and the fact that the d/D ratio is rather low under resting conditions led to suppose that inspiratory contraction might in fact be accompanied by an enlargement of the vessel and/or an increase in its cross-sectional roundness. According to the simulation shown in Fig. 11B , V mc ought to remain constant or even decrease with respect to resting volume only in parallel lymphatics with D rest of Ͼ200 m, which we never observed in the rat diaphragm.
Our evidences for increased diameter and volume in lymphatics parallel to muscle fiber orientation disagree with those presented by Mazzoni et al. (13) and recently modeled by Causey et al. (4) , who showed that, during contraction, the volume of initial lymphatics supplying the spinotrapezious muscle decreases due to increased expansion of highly perfused blood vessels. A direct comparison between these set of data is, however, quite difficult, with the overall shape and anatomic arrangement of the lymphatic and vascular networks supplying the spinotrapezious muscle and diaphragm (7) being completely different from both morphological and mechanical standpoints. Indeed, compared with what has been observed in the spinotrapezious (4, 6, 10, 13, 27), diaphragmatic lymphatic vessels present a much larger cross-sectional area and, even when confined among muscle fiber bundles, are surrounded by wider interstitial spaces. In addition, diaphragmatic lymphatics are never closely associated with blood vessels in "diads" or "triads" but, especially in larger lymphatic vessels, they may cross large blood vessels or are endowed with a sort of vasa linforum (26) .
Submesothelial and deep lymphatic vessels. Superficial diaphragmatic lymphatic vessels may lay either immediately below the diaphragmatic pleura in the subpleural interstitium above the muscular plane, at a depth of ϳ10 -50 m (Fig. 2, A,  B, and D) or deeper (ϳ150 -200 m; Fig. 2, B and C) within the most superficial skeletal muscle fibers. With a diaphragmatic thickness of ϳ700 m (7), even the deep vessels actually lie within the most superficial 20% diaphragmatic tissue layer. The apparently negligible difference in depth between submesothelial and deeper vessels seems instead to be very important from a functional standpoint. Indeed, independently of the orientation of the vessel with respect to muscle fibers, after skeletal muscle contraction P lymph becomes significantly more subatmospheric ( Fig. 10 and Table 1 ) in submesothelial vessels than in deeper vessels. Although in our experiments the contraction was necessarily limited to few muscle fibers in proximity of the vessel, the extent and consistency of the submesothelial P lymph drop let us hypothesize that the radial activation of diaphragmatic skeletal muscle fibers provides the main mechanism supporting the absorption of pleural fluid into the diaphragmatic lymphatics. Indeed, in the pleural diaphragmatic region, the inspiratory P liq decrease (14, 15) is much smaller than the P lymph drop observed in the submesothelial diaphragmatic lymphatics during skeletal muscle contraction ( Fig. 10 and Table 1 ). Therefore, the (P liq Ϫ P lymph ) gradient, which is positive, i.e., in favor of pleural lymph formation even at end expiration when the diaphragmatic muscle tone is low (23) , likely further increases during inspiration, incrementing pleural fluid egress into the diaphragmatic lymphatic network. The outward deformation exerted by skeletal muscle fibers on the wall of submesothelial vessels is likely enhanced by the high compliance (18) of submesothelial highly deformable vessels.
As shown in Fig. 10B and Table 1 , during contraction, P lymph decreases in deeper parallel vessels but increases in perpendic- Fig. 12 . Simulation parameters. The sketch illustrates the relationship between the shape of the lymphatic vessels, the parameters D, d, and l used in the mathematical simulation described in the APPENDIX, and the point of observation and video recording of the vessel during the experiments. ular vessels. Such a dual behavior suggests that these vessels may either drain fluid from the submesothelial plexus or propel the absorbed lymph centripetally toward the more central lymphatics. The former function seems localized within deep parallel vessels, whose P lymph drop (Fig. 10, C and D, and Table 1 ) during contraction may either recall fluid from more superficial plexuses and/or sustain the recirculation of fluid within connected lymphatic loops (17) . A propulsive role seems instead peculiar of deep perpendicularly oriented vessels, which are compressed (Fig. 6 and Table 1 ) during diaphragmatic fiber contraction while P lymph increases (Fig. 10) , promoting fluid propulsion within the circuit.
Limitations. The discussion of P lymph variations during skeletal muscle contraction is based on the assumption that the vessel is deformed and its volume changes when the muscle is activated. Such an assumption is particularly significant in the case of perpendicular superficial lymphatic vessels, in which the simulation envisages an increased cross-sectional area and vessel volume despite the fact that the measure decreased planar vessel diameter. In this respect, the proposed simulation ( Fig. 11) was simply used as a tool to estimate whether a hypothetical change in volume able to explain the observed change in pressure during muscle contraction could reasonably occur. Indeed, the actual diameter of the vessels in the plane perpendicular to the pleural surface (Fig. 12, diameter d) could not be directly measured, even in postfixed tissue, since 1) after 1 M KCl injection, the skeletal muscle attains the maximal contraction at 7 s from injection and then spontaneously relaxes within ϳ50 s, a timeframe much shorter than the ϳ10 min required for the whole mount diaphragm fixation, and 2) it would not be possible to fix the same vessels at rest and at the maximal contraction peak. Hence, the changes in cross-sectional shape and volume proposed by the simulation shown in Fig. 11 are at the moment functional to interpretation of the P lymph changes during skeletal muscle contraction and need further experimental support.
Conclusions. The present study provides the first direct evidence of the impact of skeletal muscle fiber contraction in selectively modifying diaphragmatic P lymph , thereby supporting diaphragmatic lymphatic function. Indeed, activation and shortening of skeletal muscle fibers of the ventromedial diaphragmatic dome simultaneously enhance the pressure gradients sustaining the entrance of pleural fluid into superficial diaphragmatic lymphatics and the propulsion of lymph along the network. The impact of muscle contraction on local lymphatic function depends on the orientation of lymphatics with regard to muscle fibers, their depth from the mesothelial surface, and, very likely, the temporal and spatial sequence of muscle fibers recruitment. Hence, the geometric arrangement of the lymphatic mesh seems to be well suited to exploit the cyclic stresses exerted on the lymphatic vessel wall by skeletal muscle fibers during inspiratory fiber shortening and expiratory relaxation, efficiently coupling the inspiratory activity with an optimized pleural and peritoneal fluid drainage.
APPENDIX
A simplified simulation of the intraluminal volume change experienced by a lymphatic segment deformed by the contraction of adjacent diaphragmatic skeletal muscle fibers can be envisaged by considering, in place of a whole lymphatic segment including several lymphangions, a single lymphangion unit delimited by two consecutive valves. In its resting state, the lymphangion can be considered as an elliptical cylinder with the major axis (D) lying parallel to the pleural surface and the minor axis (d) perpendicular to the pleural surface (Fig. 12) , with the d/D ratio being equal to 0.35 (17) . The lymphangion volume (expressed in nl) can be calculated as follows: 
where Vmc is the lymphangion volume at maximal contraction (from Eq. A1), Vres is the lymphangion volume under resting conditions (from Eq. A1) with diameter and length values obtained from the plots shown in Fig. 8 at d/D ϭ 0.35, L mc is the lymphangion length at maximal skeletal muscle contraction; and Lrest is the resting lymphangion length. By substituting in Eq. A2 the actual Lrest and Lmc values for lymphatic vessel segments oriented parallel or perpendicularly to diaphragmatic skeletal muscle fibers (see RESULTS) and calculating the corresponding V rest and Vmc volumes, ⌬Vmc of parallel or perpendicular vessels was then plotted in Fig. 11 as a function of the corresponding D rest.
